'Ataulfo' mango (Mangifera indica L.) is one of the most produced and consumed fruits in Mexico. This mango cultivar is claimed as a good source of carotenoids, however, its carotenoid profile has not been determined. In addition, bioaccesibility and bioavailability of carotenoids from fresh mangoes have not been tested. The present work included three experimental sections. In the first section the carotenoid profile of 'Ataulfo' mango was determined. The profile was composed of 25 carotenoids, and three were the most abundant. Then, the content of the major carotenoids was monitored during postharvest fruit ripening and correlated with the internal and external color values. The lowest and highest contents of all-trans-β-carotene, all-trans-violaxanthin dibutyrate and 9-cisviolaxanthin dibutyrate (major carotenoids) during the ripening process of 'Ataulfo' mangoes were 2.5-39.7, 0.2-15 and 0.2-7.5 µg/g FW, respectively. The content of the evaluated carotenoids highly correlated with external and internal a* and h° color values. Equations (R 2 =0.86-0.94) to predict the content of the major carotenoids in 'Ataulfo' mangoes on the basis of their internal and external color values were obtained. In the second experimental section, the pulp of 'Ataulfo' mango at several stages of ripening was subjected to simulated in vitro digestion in absence or presence of chicken baby food (CBF), as dietary fat source, and the micellarization of β-carotene (BC) was evaluated. The micellarization of BC during simulated digestion significantly increased as the fruit ripened and when CBF was mixed with mango before digestion. BC-rich micelles generated during the digestion of fully ripened fruit and CBF were used to test the uptake of micellarized BC by monolayers of Caco-2 cells. Such cells incorporated 17% of BC contained in the test medium. In the last experimental section, vitamin A depleted rats (Wistar) were fed with cubes of fresh carrots or 'Ataulfo' mango pulp for 2 weeks. Both test meals provided the same amount of BC. After repletion the liver retinol was higher in the group fed with 'Ataulfo' mango (1642.3 μg retinol/liver) than in the group fed with carrots (1285.1 μg retinol/liver), suggesting that BC from 'Ataulfo' mango is more bioavailable than that from carrots. The obtained results demonstrated that 'Ataulfo' mango possesses a high content of BC, which is bioavailable and bioconverted to vitamin A.
INTRODUCTION
'Ataulfo' mango (Mangifera indica L.) is a popular fruit in Mexico, commonly consumed at different ripening stages either alone or combined with other foods (Yahia et al., 2006a) . The carotenoids are the pigments responsible for the typical yellow-orange color of ripened mango fruit, with all-trans-β-carotene (BC) being one of the most abundant. The carotenoid composition of mango fruit depends on many factors, including genotype, stage of ripening and geographic origin. The carotenoids profile of 'Ataulfo' mango fruit have not been determined (Ornelas-Paz et al., 2007 , 2008a Yahia et al., 2007) . In humans, the carotenoids exert protective effects against some types of cancer, age-related macular degeneration, and heart diseases. Some carotenoids, such as BC, also are precursors of vitamin A. Vitamin A deficiency, especially in children, remains as an important public health problem in Mexico and other Latin-American countries. Vitamin A is essential for vision, reproduction, growth, immune function, and general health for humans (Ornelas-Paz et al., 2009) .
The beneficial effects of carotenoids for human health and nutrition depend on the amount that is actually absorbed and/or metabolized by the organism. The absorption of carotenoids is a complex process that requires the transfer of the carotenoids from the food to mixed micelles for delivery to small intestinal epithelial cells and incorporation of the intact carotenoid or retinyl ester products into chylomicrons secreted into lymph (Ornelas-Paz et al., 2008b) . Numerous factors affect these processes, including carotenoid speciation, food matrix, type and intensity of food matrix processing, and some components such as amounts of fat and fiber in the food and meal (West and Castenmiller, 1998) . The effect of dietary fat and food matrix on carotenoids bioavailability is high. In vivo, ingested fat increases secretion of pancreatic lipases and bile, thereby enhancing the formation of micelles and bioaccessibility of carotenoids. Food matrix refers to the combined effects of all factors from foods that simultaneously promote or reduce the bioavailability of endogenous carotenoids. The different matrices in a plant food at different stages of ripening also are likely to affect carotenoid bioavailability. Marked qualitative and quantitative changes in carotenoids, organic acids, lipids, phenolic compounds, volatile compounds, non-structural and structural carbohydrates have been reported during the short duration of the ripening process of mango fruit. The effects of such compositional changes might modify the bioavailability of mango carotenoids at different stages of ripening. Existing data on the bioavailability of mango carotenoids are limited and contradictory. The accumulation of vitamin A in the liver of rats fed a diet with dried mango suggests that BC in this fruit is moderately bioavailable. However, supplementation with retinyl palmitate and mango was insufficient to correct vitamin A deficiency in Senegalese children (Carlier et al., 1992) .
The objectives of the present work were: 1) to identify the most important carotenoids in pulp of 'Ataulfo' mangoes and determine the relationship between content of these carotenoids and the external and internal color changes during fruit ripening; 2) to examine the influence of stage of ripening and dietary fat on the bioaccessibility of BC from mango using the coupled in vitro digestion and Caco-2 human cell model and; 3) to compare the bioavailability of mango carotenoids with that of carrots, the main source of dietary BC.
MATERIALS AND METHODS
In the first experimental section, the carotenoid profile of 'Ataulfo' mango was qualitatively and quantitatively investigated during the ripening process by HPLC-APcI + -MS (TOF) studies. A lot of 'Ataulfo' mango fruits (heterogeneous stage of ripening, uniform in size, freedom of blemishes and defects) were randomly evaluated for carotenoids content and internal and external tristimulus color. Regression analyses were carried out to obtain equations to predict the contents of the major carotenoids in mango pulp on the basis of external and internal color values. In the second experimental section, pulp from slightly ripe (SR), moderately ripe (MR) or fully ripe (FR) 'Ataulfo' mangoes were digested in vitro in the absence and presence of a chicken baby food (CBF) as source of exogenous fat to examine the impact of stage of ripening of mango and dietary fat on micellarization during digestion of BC. CBF contained 5.6% fat, 8.5% protein, and 0% fiber by weight. The uptake of BC in micelles generated during simulated digestion by Caco-2 human intestinal cells also was tested. In a separated set of digestion reactions the effect of pectin isolated from SR and FR mangoes on the micellarization of synthetic BC was examined using simulated small intestinal digestion. The digestion reactions contained pectin from either SR or FR, providing a final concentration of either 0, 108 or 225 μg/ml. In the last experimental section, the bioavailability of BC from 'Ataulfo' mango fruit, estimated as the liver retinol accumulation, was compared with that of carrots. This study consisted in feeding vitamin A-depleted rats (Wistar) with cubes of 'Ataulfo' mango or transversal sections of carrots for two weeks. The portions of 'Ataulfo' mango and carrots delivered to the rats provided an identical daily low-dose of BC (122.1-132.2 μg). After a repletion period, the rats were sacrificed and the liver retinol evaluated by HPLC.
RESULTS AND DISCUSSION
The typical carotenoid profile of 'Ataulfo' mango was composed by 25 different caroteneoids (cis-and all-trans isomers of violaxanthin, β-carotene, β-cryptoxanthin, neoxanthin and antheraxanthin), however, three carotenoids were the most abundant in such profile. These carotenoids were initially identified as all-trans-violaxanthin ester, 9-cis-violaxanthin ester and all-trans-β-carotene by comparing chromatograms from crude and saponified extracts and by using standard compounds (Yahia et al., 2006b (Yahia et al., , 2007 . Monobutyrates of all-trans/9-cis-violaxanthin and the butyrate-caproate of alltrans-violaxanthin were also identified in mango extracts as minor carotenoids. Similar qualitative composition of carotenoids has been reported for other mango cultivars.
The content of the major carotenoids increased during the ripening of 'Ataulfo' mango fruit. The lowest and highest contents of all-trans-β-carotene, all-transviolaxanthin and 9-cis-violaxanthin (as dibutyrates) during the ripening process of 'Ataulfo' mangos were 2.5-39.7, 0.2-15 and 0.2-7.5 µg/g FW, respectively. During the overall process of ripening the content of 9-cis-violaxanthin was slightly smaller than that of all-trans-violaxanthin, although there were no significant differences. Similar results were found in 'Keitt' and 'Tommy Atkins' mango (Mercadante and Rodríguez-Amaya, 1998) . The content of all-trans-β-carotene was higher than those previously described in other mango cultivars. The carotenoid accumulation was accompanied by an increase of the intensity of the external and internal yellow-orange color of the fruit. In general, a*, b* and C* values increased and L* and h° values decreased during the ripening process. Very low R values were observed for the relationship between the content of the main carotenoids and b* (yellowness) in 'Ataulfo' mango. The highest correlation coefficients were obtained for the relationships between the internal and external a* and h° values and the content of the evaluated carotenoids (R= 0.83-0.94) (Fig. 2) . The best correlations between the carotenoid content and a* and h° were associated with the content of alltrans-β-carotene. This high level of correlation between the a* and h° values in the flesh and the content of all-trans-β-carotene has been described for nine Thai mango cultivars (Vázquez-Caicedo et al., 2005) , however, up to now the relationship between internal and external color values and the content of the main carotenoids had not been assessed. The accumulation of such carotenoids showed an exponential behavior during fruit ripening when related to the changes of a* and h° values. Equations with high determination coefficients (R 2 = 0.86-0.94) to predict the content of all-trans-β-carotene, all-transviolaxanthin and 9-cis-violaxanthin (as dibutyrates) from 'Ataulfo' mango on the basis of its internal and external color values were obtained (Ornelas-Paz et al., 2008a) .
The starting quantities of BC in samples of SR, MR and FR 'Ataulfo' mangoes to be digested were 16.8±1.3, 29.8±1.9 and 63.5±4.1 μg, respectively. Recovery of BC after simulated gastric and small intestinal digestion was dependent of the ripening stage of the fruit, and increased from 53.2 to 83.7% in simulated in vitro digestion of SR and FR, respectively. Recovery of BC after digestion of unripe mangoes was considerably low (30.7%). Addition of CBF to mango puree did not affect recovery of BC after simulated gastric and small intestinal. Efficiency of micellarization of BC during small intestinal digestion declined from 6.9 to 4.5% when SR, MR and FR without CBF were digested. Addition of CBF to mango increased micellarization of BC from SR, MR and FR mangoes by 25.7, 114.4 and 231.1%, respectively, compared to digestion of mangoes alone (Fig. 3) . The cellular content of BC after 4h of incubation with medium containing micelles generated during small intestinal digestion of FR with CBF represented 17% (13.8 pmol/mg cell protein) of that in the medium. The starting amount of BC in digestion reactions containing isolated pectin from mangoes was 15.4 μg, which was less than present in samples of mango subjected to simulated gastric and small intestinal digestion (i.e., 16.8-63.5 μg), because the extent of micellarization of BC from the supplement was expected to exceed that in the more complex food matrix. Transfer of BC from oil to filtered aqueous fraction decreased by pectin (Fig. 4) . Addition of both concentrations of pectin from SR significantly decreased transfer of BC to filtered aqueous fraction during simulated small intestinal digestion, but was not concentration dependent. In contrast, transfer of BC to micelles during simulated small intestinal digestion was not significantly decreased by the presence of 108 μ/ml pectin from FR mango. However, addition of a higher concentration (225 μg/ml) of pectin isolated from FR mango inhibited micellarization of BC to a similar extent as pectin from SR mango. The effect of the mango pectin on BC micellarization could be explained in terms of pectin depolymerization during mango ripening. Pectin depolymerization leads to pectins with low molecular weights and a reduced degree of esterification. Interactions between pectin and bile salts decrease as the degree of esterification of pectin is reduced. On the other hand, the viscosity of solutions containing high molecular weight pectin is greater than that with low molecular weight pectin. Therefore, the inhibitory effect of pectin (at both 108 and 225 μg/ml) from SR mangoes (high molecular weight and degree of esterification) on micellarization of BC during simulated small intestinal digestion may have been due to increased viscosity and interaction with bile salts. Pectin from FR mangoes (low molecular weight and decreased esterification) was expected to have lower viscosity and interaction with bile salts. This facilitates small droplet size of the emulsion (a fine emulsion) and favors lipolysis of emulsified fat and subsequent micelle formation under physiological conditions. Therefore, the more efficient micellarization of BC during simulated digestion with the lower concentration of FR pectin may have been due to greater lipolysis than in reactions with SR pectin. Inhibition of micellarization of BC in the reaction containing the higher concentration of FR pectin suggests that the outcome is dependent on the relative amounts of pectin. Therefore, qualitative and quantitative changes of mango pectin during ripening are expected to affect the bioavailability of BC (Ornelas-Paz et al., 2008b) .
In the experiment with vitamin A-depleted rats (Wistar), liver retinol at the beginning of the depletion period was high, but dropped 87.5% during the depletion period. Hair loss was the main sign of vitamin A deficiency. Test foods provided BC and other carotenoids. BC was the major carotenoid in mango and carrots; however, all-trans-α-carotene was also important in carrots. Since the content of BC was higher in carrots than in mangoes the daily portions of mango delivered to the rats were larger than those of carrots. Portions of test foods were totally consumed by the rats and provided the same daily amount of BC to the rats (122.1-132.2 μg/day/rat). The liver retinol in the rats increased significantly as a consequence of consuming carotenoid rich foods for two weeks. BC from consumed test foods was absorbed and stored as retinol in rat livers with a high efficiency. The total intake of BC (I BC ) during repletion was rigorously measured by HPLC. I BC was virtually identical in all experimental groups during the repletion period, in contrast to the liver retinol accumulation (LRA). The relative bioavailability of BC from 'Ataulfo' mangoes, estimated as the Retinol Accumulation Factor (RAF BC = I BC /LRA), was significantly higher than that of carrots. The RAF BC for rats fed with 'Ataulfo' mango and carrots were 1.6 and 2.4, respectively. This difference could be caused by several factors: a) since ripe mango fruit is softer than raw carrots, the mechanical and enzymatic disruption during digestion could be more efficient for mango than for carrots, leading to an increase in the transference of carotenoids from the food to the mixed micelles; b) the fiber content is higher in carrots than in mangoes. Ingestion of fibers decreases carotenoid bioavailability; c) BC occurs naturally in oil droplets in mango chromoplasts and as big crystals in carrots. Crystalline carotenoids are less bioavailable than lipid-dissolved carotenoids; d) Finally, the low liver retinol accumulation in the group fed with carrots might be explained by a possible digestive interaction between α-carotene and BC since each one of these carotenoids mutually inhibits the utilization of the other (Ornelas-Paz et al., 2009 ).
CONCLUSIONS
The all-trans-β-carotene and the dibutyrates of all-trans-violaxanthin and 9-cisviolaxanthin are the major carotenoids in 'Ataulfo' mango pulp. These carotenoids accumulate in an exponential manner during the postharvest ripening of such mango cultivar and their accumulation correlates with changes in a* and h° color values, measured in pulp or peel of the fruit. Our results also suggest that BC from 'Ataulfo' mango fruit is bioaccesible for human intestinal cells and that the bioavailability of BC from 'Ataulfo' mango is higher than that from carrots. Studies in humans are needed to confirm our findings. mangoes on micellarization of BC during simulated small intestinal digestion. Synthetic soybean oil-dissolved BC was diluted and mixed with a solution with indicated quantities of pectins and subjected to simulated small intestinal digestion. The aqueous fraction was isolated to determine the quantity of the carotenoid transferred to micelles for comparison with that transferred from control samples without pectin. Data are the mean of three replicated samples ± the standard error of the mean (vertical bars). The presence of different letters above the error bar indicates significant differences.
